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Abstract

The movement of chemicals or biological agents in a water distribution system is examined via
computational fluid dynamics simulations. A series of computational simulations using selected
intersecting geometries are carried out at various Reynolds numbers. Boundary conditions, turbulence
intensities, convergence criteria, and mesh sizes are thoroughly evaluated. The present parametric study
focuses particularly on pipe intersections to characterize complex mixing phenomena in pressurized
water distribution pipe networks. Selected computational results are compared with experimental results.
The water quality model integrated with an existing computer program (EPANET) was re-evaluated
based on the computational and experimental data. Initial computational fluid dynamics simulations
consistently underestimated mixing, and experimental data are utilized to reexamine turbulent mixing by
adjusting the turbulent Schmidt number. Corrections based on computational results are incorporated
into the existing code as an example case study. The improvement of the existing code may be important
not only to predict concentrations of chemical species such as chlorine in water distribution systems, but
also to prepare for potential intentional and accidental contamination events. Computational results must
be further calibrated and verified through lab- and field-scale experiments.
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1. Introduction

Accurate water quality descriptions in distribution systems are relevant to public health issues. The
potential effects of drinking contaminated water are closely linked to the level of exposure to chemicals
and biological contaminants. Researchers have used mass balance equations for the description of species
spread (Rossman et al. 1993; Rossman et al. 1996; Uber et al. 2004). One major challenge includes the
accurate modeling of species decay in the pipes due to bulk and wall reactions. Optimization techniques
based on the intensive use of field data for calibrating models are used for solving this problem
(Munavalli et al. 2003; Elton et al. 1995). Another recurrent concern is the computational resources spent
on obtaining detailed, accurate results. Thus, computer modeling packages (e.g., EPANET, WaterCAD",
H,ONet®, Pipe2000®, etc.) have been developed to simulate the potential hydraulic scenarios in a
drinking water system. These packages are capable of performing both steady and extended-period
(transient) simulations for the hydraulic and water quality analysis of pressurized pipe systems.
Experience has proven that the hydraulic simulations are generally reliable.

Ratnayake and Jayatilake (1999) conducted a study on the performance of the existing water quality
model to predict fluoride concentrations for a water distribution system under several scenarios. They
concluded that the water quality might be used for the management of water quality in a water
distribution system; however, their findings needed laboratory and field verifications. Uber et al. (2004)
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stated that there are limitations to the existing computer water quality models due to the limited research
and development carried out for the last 15 years. These limitations are more restrictive when modeling
multi-component water quality levels and when several water sources interact in a system.

The accuracy of chemical transport in network models for small geometric configurations was examined
by van Bloemen Waanders et al. (2005). Using experimental data (with NaCl) and two-dimensional
computational fluid dynamics (CFD) simulation tools, they noted that the simplified assumption of
complete mixing at pipe junctions in current water quality models might cause significant inaccuracies.
They tested cross-joint mixing by introducing a tracer at the inlet boundary condition, while pristine water
entered the other inlet. The exit concentrations are approximately 0.85 and 0.15, as opposed to 0.5, the
expected value based on the perfect mixing assumption. Their findings are important for predicting
dispersion patterns of chemical and biological species through multiple cross junctions in water
distribution systems, as shown in Figure la. Cross junction joints (Figure 1b) are common, and they can
be simplified to two- and three-dimensional shapes (Figures 1c and 1d) Further research is necessary to
understand the water flow and mixing patterns of chemical and biological agents at various flow rates and
geometries. In this study, therefore, we focus on mixing patterns at a cross intersection using
Computational Fluid Dynamics (CFD) and experimental validation. Based on these results, the existing
water quality model code is modified and compared with the results with the current water quality model.
A widely-used open source code, EPANET, is used for the modification of the water quality code for the
present study. It should be noted that we tested other commercial packages and obtained similar water
quality outcomes due to perfect mixing assumptions.

The first part of this work consists of a thorough investigation of the most relevant parameters that allow
us to perform a reliable numerical study; e.g., convergence criteria, mesh size, discretization schemes and
boundary conditions. Next, results are presented for the turbulent Schmidt number, which is investigated
by adjusting the numerical outcomes based on experimental data. Sodium chloride (NaCl) is used to
simulate the dispersion patterns of target biological agents or chemical species, including chloramine and
chlorine, in drinking water systems. Based on geographic notations, (£, W, N, and S) as presented in
Figure 2, a dimensionless concentration is defined as:

C¥=——" (1)

(d)

Figure 1. (a) A water distribution system featuring a cross junction in a mid-town neighborhood (Tucson,
Arizona; courtesy of Tucson Water), (b) a typical cross-junction connector, (c¢) an idealized three-
dimensional shape, and (d) a two-dimensional simplification.
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The mixing can also be measured in terms of the split of incoming NaCl mass rate for any of the two
outlets as:

1
% NaCl,,, , =100x —"%_ 2)
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Perfect mixing at the junction would result in dimensionless concentrations equal to 0.5, or 50% NaCl at
both outlets under certain conditions. The water quality model is generally based on this perfect-mixing
assumption. However, the validity of this assumption is challenged and may be drastically altered
depending on various parameters, notably geometry and flow speed. As a first step to address these
parameters, three scenarios are suggested for a cross junction with the same pipe diameters as shown in
Figure 2:

e Scenario 1: Equal inflows and outflows (Res = Rey = Rey = Reg)
e Scenario 2: Equal outflows, varying inflows (Res # Rew, Rey = Reg)
e Scenario 3: Equal inflows, varying outflows (Res = Rey, Rey # Rer)

For the second scenario, the Reynolds numbers at both outlets were equal, and the Reynolds numbers at
the inlets were different. The ratio of the inlet Reynolds numbers are defined as:

Re;

Reg,, = R
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For the third scenario, the Reynolds numbers at both inlets are equal, whereas the Reynolds numbers at
the outlets are different. Thus, the ratio of the exit Reynolds numbers are defined as:
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Figure 2. Hydraulic and water quality configurations of the flow at a cross junction.
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2. Governing Equations and Boundary Conditions

The steady-state continuity and momentum equations were used to calculate the flow field. The
incompressible conservation equations are as follows:

Vu=0 ()
(v-&&):%[—va-(?) ©6)

where 7 is the stress tensor, which accounts for the effects of viscosity and volume dilation. No mass or
momentum sources were considered and the field force and gravity were neglected. Turbulence was
calculated by using the k-& model, which is composed of two equations that account for the turbulence
kinetic energy (k) and its rate of dissipation (¢):
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The eddy viscosity and turbulent production terms are modeled as follows:
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where the dimensionless constants for the turbulent model are: C;. = 1.44, C,, = 1.92, C, = 0.09, o, = 1.0,
and o, = 1.3. In modeling turbulence, the effects of buoyancy, and incompressible turbulence, turbulence
kinetic energy and dissipation rate source terms were neglected. The species transport was modeled by
assuming NaCl is a passive scalar, i.e., it has no dynamic effect on the fluid flow (Warhaft, 2000). Thus,
the solver calculated the velocity and turbulence fields, which were used to solve for the species
distribution in the computational domain. Neglecting any chemical reaction and source terms, the steady-
state species transport equation is as follows:

pV-(u Y,»)=V-[pDAB +§‘—‘JVY,- ©)
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The right-hand side of Eq. (9) is the spatial gradient of the mass diffusion for turbulent flows, which is
composed of the molecular and turbulent diffusions. The flow regime analyzed in this study is fully
turbulent. Consequently, it is expected that eddy diffusivity dominates molecular diffusivity in the entire
domain. Based on similarities to the laminar regime, eddy diffusivity is related to eddy viscosity through
the turbulent Schmidt number:

Se, :;’—D’ (10)

t
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The boundary conditions are summarized in Table 1. The lengths of East and North pipes (Lo in Figure 2)
were tested in order to avoid recirculating flow from the cross junction toward the outlet. Accordingly, the
ratio Lo/D was set as 8. The ratio of the inlet’s length to the diameter (L/D) was equal to 2.

3. Computational Approach

Convergence Criteria

In order to converge the iterative process within an acceptable error tolerance, the scaled residuals of the
variables involved must be equal to or lower than the prescribed convergence criteria. The convergence
criteria were set equal for all the conservation equations; they ranged from 107 to 107. The scaled
residuals for all the variables are calculated at each iteration.

The algebraic expression resulting from the discretization of the conservation equation for any modeled
variable ¢ is as follows:

aP¢P = Zanb nb +b (11)
nb

where ap and ¢p are the coefficient and value of the variable ¢ at the cell center. a,, and ¢@,, come from the
influencing neighbor cells and b is mostly influenced by the boundary conditions and source terms, if any.
The scaled residuals (R?) to be compared to the convergence criteria result from the imbalance of Eq. (11),
and are as follows:

ZCGS zn a}'l n +b_a
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Mesh Generation

Among the characteristics of the computational mesh, the shape and number of elements are considered
the most relevant parameters for accuracy. In this work, several mesh sizes were tested in order to define
their influence on the numerical solution. The size ranged from 2,064 elements, which was about the
same number used by van Bloemen Waanders et al. (2005) with MP Salsa based on Finite Element
Method, up to 80,064 for 2D problems. Optimal mesh size is where any increase in the number of
elements produces no noticeable change in the outcomes. Since the geometry of the pipes was very
regular, quadrilateral elements were used over the entire computational domain.

Table 1. Boundary conditions for numerical simulation of the cross junction

Velocity BC Turbulence BC Species BC
West inlet u=uo v=_0 I=1,L=D Y=Y,
South inlet u=0v=vo I=1,L=D Y=0
0 0 Ok 0 0Y,
East outlet —u:O, _v:0 —:O,—g:() —4t =0
Ox ox ox Ox Ox
ou ov ok oe oY,
North outlet —=0, —=0 —=0, —=0 —=0
oy oy oy oy oy
0Y.
Walls u=0v=20 Enhanced Wall Treatment a—l =0*
n

* n = normal vector to the wall
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Effects of Discretization Scheme

Numerical methods applied to the conservation equations are based on several discretization techniques.
As a consequence, a particular technique has a set of corresponding solutions. There may be similarities
in the solutions from some discretization schemes, whereas there may be significant differences from
others. Four schemes were tested when the Reynolds number was equal to 44,000 at all inlets and outlets.
The aim was to quantify the effect of each scheme on the mass rate split.

Two- and Three-Dimensional Approaches

In numerical modeling, a recurring question is whether a problem can be simulated in two-dimensions
rather than three-dimensions with no significant effect on the outcomes. Dropping one independent spatial
variable not only simplifies the conservation equations to be manipulated, but also dramatically reduces
the computational time spent to obtain the solution (Romero-Gomez, 2005). Therefore, a three-
dimensional mesh with 109,824 elements was created, and simulations were performed in order to
compare the outcomes to those generated with a comparable two-dimensional mesh. The Reynolds
number was the same for all inlets and outlets, ranging from 11,000 to 88,000. The 3D boundary
conditions remained the same as for the two-dimensional scheme.

Effects of a Bump

Turbulence is induced by different means. The increased wall roughness contributes to increased
turbulence intensity to some extent along with the changes in geometry due to fittings. Wall surfaces are
assumed to be smooth, and thus the wall roughness is not considered throughout this study. Near the
junction cross, on the other hand, fittings may create either gaps or bumps which may change turbulent
intensity and the corresponding NaCl constituent mixing ratio. For this reason, different sizes of bumps
were examined by creating a geometrical shape as depicted in Figure 3. The mass rate split was calculated
with respect to the ratio of the reduced diameter (D,) to the pipe diameter (D) at various L, and W,

Figure 3. Geometry of a fitting at the cross junction shown at one of the inlets

Turbulent Schmidt Number (Sc,)

In a k-¢ turbulent model given in Eq. (7a) and (7b), total diffusivity is considered to be composed of the
molecular and eddy diffusivities. Equation (9) indicates that the eddy diffusivity is calculated through the
turbulent Schmidt number, whose definition is given in Eq. (10). Therefore, eddy diffusivity is directly
proportional to the eddy viscosity computed at each node and inversely proportional to the Sc,. Up to now,
the previous simulations were performed by using the default value assigned to the turbulent Schmidt
number (0.7). This was, however, inconsistent with the experimental results obtained. In this study, the
preliminary results for testing Sc, were obtained in order to match the numerical outcomes to the
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experimental results (see Section 2.3). The tests were performed for the case when the Reynolds number
is the same at both inlets and outlets, as well as in a wide range of the Reynolds ratio (0.25 < Regy <
1.00) defined in Eq. (3).

CFD Benchmarking

A CFD package, FLUENT® (Lebanon, NH), is used to examine the different parameters
involved in this problem and to define their correct values for an appropriate description of the
flow field and dispersion patterns of species. FLUENT® uses the finite volume method to solve
partial differential equations for the present problem. The primary concept is based on the fact that the
values of the conserved variables are averaged across the volume (Patankar, 1980), and the method does
not require a structured mesh. Many commercial packages based on this computational method have been
widely used in various research and commercial applications. Nevertheless, we conducted a thorough
study to examine the accuracy of solutions for several benchmark problems with analytical solutions
and/or experimental data. Romero-Gomez (2005) chose benchmark problems relevant to the present study.
These problems include (i) heat and fluid flow solutions for laminar flow though a circular pipe, (ii)
laminar and turbulent boundary layers over a flat plate, and (iii) natural convection heated from the
bottom. The first problem is directly relevant to the present problem. The second problem in particular
carefully examined the effects of turbulent intensity. The third problem addresses the delicate heat and
momentum balance induced by natural convection. This problem was originally examined by Kim and
Choi (1996) using an in-house finite volume code. It was found that computational solutions were in
excellent agreement with experimental and analytical solutions for the onset of natural convection in fluid
and porous media. The results using FLUENT® were satisfactory for all problems tested.

Implementation

The required computational time is estimated based on the convergence criteria. Any decrease in the
convergence criteria conveys a significant increase in the time needed to obtain the results. Consequently,
a set of optimal convergence criteria is sought which provides accurate solutions with no effect on the
computational results. The results indicate that the minimum value of R’ (Equation 12) that may be used
is 107 for all the conservation equations, as further decreases do not produce any significant changes in
the results.

Similarly, testing several mesh sizes is required because it gives an estimate of the time needed to perform
the subsequent simulations. It is also known that the discretization error is reduced by increasing the grid
size; however, there is a point where truncation errors are amplified by increasing the mesh size.
Therefore, it is required to find an optimal number of elements in the computational domain. It was
observed that the optimal value is about 63,000 elements for 2-D calculations (Figure 4).

The 2D results for the mass rate split with different discretization methods are presented in Table 2. The
1° order scheme produces outcomes that indicate more mixing. On the other hand, the 2™ order and
Quick scheme produce similar outcomes that indicate less mixing. A scheme that provides higher-order
accuracy is preferable; therefore, the 2™ order scheme was used for all the subsequent simulations, as it
takes less computational time to perform the simulations as compared to the Quick scheme.
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Figure 4. NaCl split with respect to the mesh size at the East outlet

Table 2. NaCl mass rate split under different discretization schemes (Scenario 1)
NaCl mass rate %, NaCl mass rate %,
East outlet North outlet
1* order 92.9 7.1
2" order 95.8 4.2
Quick scheme 95.7 4.3
Power law 94.2 5.8

The implementation of a bump due to fittings induces no significant increased mixing at the junction. It
was observed that even when the diameter is reduced by 16% (Dy/D = 0.84, L,/D=1, and W,/D = 0.1) the
mass split does not change significantly (approximately 2 % or less). In order to maintain a simple
geometry, the pipes remained smooth (no bumps or gaps) for the subsequent simulations.

4. Experimental Setup and Preparation

To verify CFD results, a series of experiments were carried out at the University of Arizona, Tucson,
Arizona. The experimental setup consisted of a cross-junction piping system with several sensors. The
system included two pumps, two tanks, four gate valves and one cross junction with % inch (1.905 cm)
diameter pipes (Figure 5). Each of the two pumps delivered water from a separate tank; the water was
then carried to the cross pipe intersection. A solution of NaCl was held in one of the tanks, while the
other contained pure water. The concentration of NaCl was detected at three locations through sensors,
along with the flow rate at four locations. Then, the amount of mixing at the cross junction was
determined in relation to the Reynolds numbers, as defined in Eqns. (3) and (4).

The sensor data was taken in real time and averaged over a 20 s interval to represent one data point. This
was intended to reduce the signal noise of the sensors and thus collect accurate and repeatable data. The
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two primary sensor readings were flow rate and electrical conductivity. The flow rates were measured
using paddle wheel sensors (FMK-515-3P3, the Omega Corporation, Stamford, Connecticut). Electrical
conductivity, to determine the concentration of NaCl, was performed using four-ring potentiometric
probes (CDE-1201, CDTX-1201, CDTX-1202, the Omega Corporation, Stamford, Connecticut).
Currently, three types of flow scenarios have been investigated: equal inflows and outflows, equal
outflows with varying inflows, and varying outflows with equal inflows.

The flow sensor error as described by the manufacturer is +/- 0.02 GPM (0.076 L/min) with a range of 1.7
to 34 GPM (6.44 to 128.7 L/min). The flow rates in the experiments were maintained above 1.7 GPM
(6.44 L/min) and never approached 34 GPM (128.7 L/min) to ensure that the sensors functioned properly.
Calibration of the flow sensors was done by timing and collecting the discharge as water was pumped at a
constant rate through the sensors. A total of 25 points were collected for each flow sensor at varying flow
rates.

The error of the electrical conductivity sensors as described by the manufacturer is +/- 2% of the full
sensor range. Two different sensor ranges were used in order to minimize error: 0-200 mS/cm and 0-20
mS/cm. The 0-200 mS/cm range was used in the South and West pipes where sensor readings were
expected to be greater. The 0-20 mS/cm range sensor was used in the North outlet where readings were
expected to be lower. No electrical conductivity sensor was used in the East inlet as the concentration at
this inlet was assumed to be zero since no salt had been added to the incoming water. Calibration was
performed using commercially-prepared calibration solutions.

Figure 5. A schematic of the experimental setup. Key: (A) Saltwater Tank, (B) Pump, (C) Gate Valve,
(D) Electrical Conductivity Sensor, (E) Flow Sensor, and (F) Freshwater Tank.
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5. Experimental Results

Scenario 1: Equal inflows and outflows

For the case of fixed inflows and outflows, three separate trials have been conducted with a total of 40
data points. The average percent mass split calculated from the experimental data is 84.6 % and 16.5 %
through the East and North outlets, respectively. There is a small amount of error due to the sensor
readings, which accounts in part for the percentages adding up to slightly greater than 100 %. This
percent mass rate split (i.e., 84.6 % and 16.5 %) is in excellent agreement with the one presented by van
Bloemen Waanders et al. (2005); Scenario 1 is essentially a special case of Scenarios 2 and 3, and thus we
included the experimental result by van Bloemen Waanders et al. (2005) in Figures 6 - 9.

Scenario 2: Equal outflows, varying inflows

For the case of equal outflows and varying inflows, the concentration ratio and the percent of mass rate
split are quite different. As presented in Figure 6, the percentage of mass rate split reaches a maximum
level around a Reynolds Number ratio of 0.7. It is logical that as Reg — o the percent mass split will be
50%, because as Resyy — oo only the saltwater inlet will have flow, and the salt will flow out of each
outlet evenly. On the other hand, as Resy — 0 the percent mass split is expected to be 100%, because as
the flow decreases in the saltwater inlet, it is logical that a higher percentage of the salt would be swept
out the adjacent (East) outlet. This is not, however, what the experimental data suggests. It is quite
possible that this trend is due to salinity sensor error. Sensor error becomes more pronounced at the
extreme ends of the manufacturer’s specified sensor range. When the extreme cases are tested, some of
the sensors will be reading in a smaller range, so the percent error of these sensors is increased.
Following the same logic as above, the overall trend for the dimensionless concentration does seem to be
reasonable. This is because the sensor error is less pronounced by displaying the data in this fashion
(Figure 7).

Scenario 3: Equal inflows, varying outflows

For the case of varying outflows with equal inflows, the trends are presented in very different ways when
comparing the concentration ratio versus the percentage of mass rate split (Figures 8 and 9). Changing the
outflow Reynolds numbers has a significant effect on the mass flow split. As the Reynolds number of an
outlet is increased, the mass flowing through that outlet will also increase. In the case where Regy — ©
the mass flow rate is expected to be 100%, because this would result in no flow through the North outlet
and in all of the water and salt exiting through the East outlet. In the case of dimensionless concentration,
the value should be 0.5, because the entire flow through the East outlet will result in half of the water
coming from each inlet as the inlets Reynolds numbers are equal. As Regy — 0, the mass rate split
through the East outlet is expected to be 0, because there will be no flow in the East outlet. It is expected
that the dimensionless concentration will be close to 1 in this situation, because a very small flow through
the East outlet would likely result in most of the flow through the East outlet coming from the adjacent
(South) pipe.

10



8th Annual Water Distribution Systems Analysis Symposium, Cincinnati, Ohio, USA, August 27-30, 2006

120

w| a OCFD
f E X Experimental
=R B Experimental (van Bloemen Waanders et al. 2005)
== AEPANET

g 100———%%%—%—T——O—————

5 O

>

O

o K

7 % %% X % S %I

w80 - P 4

S X

2

©

[%)]

% 60 -

S

O

< A A A A A

Z

40 T T T T
0.00 0.25 0.50 0.75 1.00 1.25

Regw

Figure 6. NaCl mass rate splits from the experimental, numerical and water quality model outcomes at
different Reg (East Outlet), when Regs # Rey and Rer = Rey,.

1 5 @)
i O
~ [ |
) X

g 08 © X

= K

@]

o, XX

W 0.6 1 X

© ¥ A

c

o A

T A

£ 04- o X A

3 A &

5 X A

o * A

§0.Zf——o—7777 OCFD

g A X Experimental

b7 JAN B Experimental (van Bloemen Waanders et al. 2005)

5 AEPANET

E O ‘

= 0 0.25 0.5 0.75 1 1.25
Regw

Figure 7. Dimensionless concentrations from the experimental, numerical and water quality model
outcomes at different Reg (East Outlet), when Res # Rey and Rer = Rey.

11



8th Annual Water Distribution Systems Analysis Symposium, Cincinnati, Ohio, USA, August 27-30, 2006

100 -— %S —o
e o ¥ X
Jul I o) u
=15 80 % A
B A
5 R
° 60 =
z 7 .
i X A
©
© 404--R---- Ao
S A
@ A
€ 201gd OCFD -
6 X Experimental
© A W Experimental (van Bloemen Waanders et al. 2005)
- AEPANET
0
0 0.5 1 15 2 2.5 3 35 4
Regn

Figure 8. NaCl mass rate splits from the experimental, numerical and water quality model outcomes at

different Reg/y (East Outlet), when Res = Rey and Rer # Rey.

1 Y\

B S O
2 X OCFD
‘:j] % % % ©) X Experimental
"q_j 09 4--——————_—__ % 77777777777777777 M Experimental (van Bloemen Waanders et al. 2005)
g ’ * AEPANET
o O
7
808 - §£ ——————————————————————————————————
5]
5
OT O -
g X o
e
6 06 f -
o
%)
0
4
05]1A A AA A A A A A A
o
‘®
c
[}
£ o4 ‘ ‘ ‘ ‘ ‘ ‘ ‘

0] 0.5 1 15 2 25 3 3.5 4

Regn

Figure 9. Dimensionless concentrations from the experimental, numerical and water quality model
outcomes at different Reg/y (East Outlet), when Res = Rey and Rer # Rey.

12



8th Annual Water Distribution Systems Analysis Symposium, Cincinnati, Ohio, USA, August 27-30, 2006

6. Comparison of Computational and Experimental Results and Adjustment
of Sc;

In Figure 7, both the results for the experimental and numerical approaches are relatively close. However,
the numerical outcomes are overestimated by about 10 % with respect to the experimental results
throughout the entire range. On the other hand, the results obtained from the existing water quality model
are underestimated by about 40% with respect to the experimental outcomes. The three data series
converge as the value of Reynolds number ratio tends towards zero. This is due to little flow coming from
the South inlet, which introduces the NaCl to the junction.

Figure 6 presents the same information as above, based on the split of NaCl mass rate, rather than
dimensionless concentration. This plot shows different trends for each approach used. Numerical results
present the most reasonable trends as Regy — 0 to 100 % NaCl mass rate, where the experimental
measurement errors are significant, as discussed earlier; i.e., any NaCl entering at the South inlet flows
out through the East outlet, with no mixing with the pure water flowing into the intersection through the
West inlet. Water quality simulations using an existing EPANET model have a large error with respect to
the experimental results. The NaCl mass split is constant and equal to 50% in the considered range,
regardless of the Reynolds number ratio. The prediction of the same NaCl mass rate at both outlets is a
clear indicator that the current water quality model assumes perfect mixing at the junction. This
assumption, however, leads to an inaccurate description of the NaCl dispersion in a larger water network.

In Figure 9, the CFD outcomes are in good agreement with the experimental data series. Overall,
numerical results overestimated Cg* in the given range of Regy (0.1 - 3.5), with a maximum error of
about 9 % with respect to the experimental results. At higher Regy, in particular, the experimental and
computational data points nearly overlap. In contrast, the present water quality model produces the same
concentration at the outlets regardless of the Regy due to the perfect mixing assumption. At higher values
of Regy, the incoming water flows out through the East outlet. Therefore, both experimental and
computational data sets approach C* = 0.5 as Regy — .

In terms of the NaCl mass rate split, the CFD, experimental, and the results from the existing water
quality model are shown in Figure 8. As expected, the NaCl mass rate split approaches 0% as Regy — 0,
whereas it tends to 100% as Regn — . The CFD results are slightly larger than the experimental mass
rate split, being more pronounced in 0.75 < Reg < 2. Outside that range, the CFD results are in excellent
agreement with the experimental ones. Calculations by the water quality model largely underestimated the
mass rate split. In comparison with the experimental data, the CFD results for all cases consistently
overestimated both mass split ratios and dimensionless concentration values. Overall, the discrepancy is
due to less mixing modeled with the CFD default setting, which must be reexamined. On the other hand,
the model produced significantly underestimated outcomes due to the perfect mixing assumption at the
cross junction.

A major advantage of the CFD approach is that it enables us to analyze flow and mass transport
phenomena in detail. For example, Figure 12a shows the contours of the NaCl concentration and vectors
of the velocity magnitude, when the Res = Rey = Rex = Rey = 44,000 (i.e., Scenario 1), and D = 2 in
(5.08 cm). The NaCl concentration ranges from 0 to 0.01 kg NaCl /L throughout the domain, and the
largest gradients occur along the line where the two incoming flows merge along the line AB in Figure
12a, where the mixing of the two sources of water occurs. The water at high concentrations (South inlet)
interacts along a very narrow mixing strip with the incoming pure water (Left inlet), as if two impinging
jets bounced off along AB as shown in Figure 12b. The velocity vectors in the computational domain are
nearly symmetrical with respect to line AB because the hydraulic conditions at the inlets and outlets are
the same for this particular case (Scenario 1). Based on experimental data, increased mixing is expected to
occur when the eddy diffusivity increases at this narrow mixing zone. As expressed in Eq. (9), decreasing
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the turbulent Schmidt number (Sc,) or increasing eddy viscosity (x) is one way to enhance turbulent
eddies.
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Figure 10. (a) NaCl concentration contours and (b) velocity vectors at the cross junction, when the Re is
the same at all the inlets and outlets (Re = 44,000).
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Thus, we postulated that the turbulent Schmidt number (Sc,) has a major influence on the mixing
phenomena at a cross junction. All the preceding simulations were performed with Sc, = 0.7, which is the
default value assigned by FLUENT® when a k-¢ model is used. The difference between the outcomes
from both approaches, however, may be fixed by adjusting Sc, values. Therefore, as an example, various
Sc; values were tested until the NaCl split at Regy = 0.9645 was equal to the experimental results under
the same flow configuration. The resulting Sc, was equal to 0.135, which is then used for simulations of
0.33 < Regw < 0.96. As shown in Figure 11, the modified CFD results are good agreement with the
experimental data. Further investigation for adequate Sc, is needed based on experimental data in
comparison with CFD simulations. It should be noted that Ho et al. (2006) calibrated appropriate scaling
of the tracer diffusivity based on results of experiments using cross-junction and double-T configurations.
They presented that the turbulent Schmidt number needed to be reduced to a value of ~0.01 to account for
enhanced mixing caused by instabilities and vortical structures along the interface of impinging flows.

1.0

—e— Numerical Sct = 0.135

024 ------"-"---"-"-—"-—--- —o—Experimental - - -]

Dimensionless concentration East Outlet

0.0 T T T
0.2 0.4 0.6 0.8 1.0

Reynolds number ratio
Figure 11. Dimensionless concentration of the experimental and numerical results with corrected
Turbulent Schmidt Number (Sc,) for the East Outlet when Reg # Rey and Rer = Rey (Scenario 2).

7. Modification of Water Quality Model - An Exemplary Case

A 5 x 4-node network was prepared as shown in Figure 12b based on a mid-town water distribution
network in Tucson, Arizona (Figure 12a). There were a total of 5 instances in which the cross junctions
had 2 inlets and 2 outlets (nodes 1- 5, excluding node 6 in Figure 12b). For each of these cases, the pipes
had different Reynolds numbers. Simulating each cross junction separately in an experimental setup
would be difficult because of the differing Reynolds numbers, so this network was simulated using CFD
for each of the 5 specific junctions. Note that the adjustment of Sc, was not made for this example.

In the current EPANET water quality model, mixing is assumed to be complete and instantaneous.
According to Rossman (2000), for a specific node k, the concentration is as follows:

C . Zjé'lk Qjcj‘x:Ll- +Qk,extck,ext
ilx=0 —
‘ zjglk Qj +Qk,ext

(13)
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Figure 12. Scenario building and corresponding EPANET setup; (a) typical mid-town water distribution
network and (b) a simplified water distribution network for an example case.

where i = link with flow leaving node k, /; = set of links with flow into k, L; = length of link j, O; = flow
(volume/time) in link j, Q.. = external source flow entering the network at node k, and Ci., =
concentration of the external flow entering at node k. The notation C;,=0 represents the concentration at
the start of link i, while C;,=L is the concentration at the end of the link.

All of the nodes were assumed to be at the same elevation. The pump is a 1-point curve with a flow of
300 GPM (1135.6 L/min) and a head of 40ft (12.2 m). The pump provides pure water (C = 0 mg/L). The
injection point injects a constant amount each hour: 100 mg/L of salt at 1 GPM (3.78 L/min).
Subdivisions A, B, and C are demand points, each with a demand of 100 GPM (378.5 L/min). Each
section of the pipe has a diameter of 12 in (30.48 cm), a roughness of 100 (HW), and a length of 5001t
(152.4 m).

After the network was created and run in the steady-state mode in EPANET, the C/C++ code was
modified so that each pipe displayed its corresponding Reynolds numbers. CFD simulations were carried
out based on these Reynolds numbers. The dimensionless concentration splits were calculated and
entered into the code. For each of the instances where a junction had 2 inlets and 2 outlets, CFD produced
the corrected splits for each outlet, and the results were added to the existing water quality model in the
original code on a node-by-node basis. The CFD results should be further corrected based on
experimental results using the appropriate Sc,, and the entire procedure is described in Figure 13.

When the modified code was used, the steady-state concentrations at Demand Points A, B, and C all
displayed sizeable changes, as summarized in Table 3. For Demand Point A, for example, the salt
concentration was drastically reduced by almost 9 times. For Demand Point B, the salt concentration was
slightly elevated. For Demand Point C, the salt concentration was increased by nearly twice its original
amount. Similarly, the mass rates changed significantly.
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Figure 14 demonstrates concentration contours for the system. The concentration was evenly spread
throughout the neighborhood using the original water quality model. Demand points A and C received a
low amount, while the point B received a moderate concentration level. However, after the modified
EPANET code was implemented using C/C++, the majority of the salt concentrations traveled to the
Eastern part of the network. Demand point A barely received any salt, while demand points B and C had
large increases in the amounts of salt. These results demonstrate that there are a lot of implications if the
modified EPANET is used for solute transport for real world applications.

OCriginal EPANET
WQ model

8

Hydraulic Data

CFD Simulations <: el BEE

‘ Corrected NaCl

-

-

ij
=2
@

Modified EPANET
WQ model

-

Correct EPANET
WQ model

Figure 13. Flow chart of the procedure for improving the water quality model

Table 3. NaCl concentration (mg/L) and NaCl mass rate (mg/min) at Demand Points A, B, C using
current and modified water quality model (total injected salt = 378 mg/min).

A B C
. Current 02699 | 05283 | 0.1489
NaCl concentration (mg/L)  —\ e 0.0303 | 06593 | 03598
. Current 102.02 | 199.70 56.28
NaCl mass rate (mg/min) Modified 1145 | 24922 136.00
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Figure 14. Contours of NaCl concentration (a) based on perfect mixing assumption and (b) after
modifications of the code.

7. Conclusions and Recommendations

The present study addressed complex transport phenomena at four-pipe cross junctions, which are
commonly found in municipal drinking water systems. Simulations using computational fluid dynamics
(CFD), a series of experiments, and C/C++ programming were employed to address (i) existing problems
based on the perfect mixing assumption in network water quality models and (ii) potential approaches for
its revision. A series of additional computational and lab- and field-scale should verify the numerical
results prior to the integration of the data into the water quality model. Eventually, the revised code
should be generalized for various real-world cases.

The analysis presented in this paper is part of the efforts for an accurate modeling of water quality. As
utilities change from having a single mission of supplying water to consumers to also having a security
mission, the computer modeling tools used for network analysis will have to evolve to better simulate
solute transport. The work presented here is an initial step in providing the experimental and CFD basis
for improvements to these network analysis models. Solute mixing behavior at nodes will impact a wide
variety of network analyses including prediction of disinfectant residuals, optimal locations for water
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quality sensors, prediction models for early warning systems, numerical schemes for inverse source
identification, and quantitative risk assessment.
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Appendix. Notation

C = NaCl concentration, g/L

c* = dimensionless concentration

D = pipe diameter, cm

D, = reduced pipe diameter, cm

D,z = molecular diffusivity, m/s*

D, = eddy diffusivity, m/s

1 = turbulence intensity, %

k = turbulence kinetic energy, m*/ m’
L = hydraulic diameter, m

Ly = bump distance from intersection, cm
m = NaCl mass rate, g/s

P = pressure, Pa

R’ = scaled residuals

Re = Reynolds number = puD/u

Sc; = turbulent Schmidt number

W = bump width, cm

u = velocity vector

u, v, w = velocity components, m/s

’

u’, v, w’ = fluctuating velocity, m/s

X; = j-coordinate

Y; = NaCl mass fraction to water mass, kg NaCl / kg water
p = density, kg/m’

e = turbulence dissipation rate, m?/ m’

7 = molecular viscosity, kgm™ s

e = eddy viscosity, kgm™' s’

%NaCl = percentage of outgoing NaCl with respect to total incoming NaCl, %
Suffix

0 = initial

E = east

1 = inlet

N = north

0 = outlet

S = south

w = west
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